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Abstract We conducted a viral metagenomics study in
diarrheic free-ranging wolves in Portugal, revealing for the
first time the presence of reassortant picobirnaviruses.
These viruses shared identical capsid segments together
with diverse RNA-dependent RNA polymerase segments.
Even though causality between these picobirnaviruses and
diarrhea could not be established, the study nonetheless
confirms for the first time that wolves are a potential
reservoir for picobirnaviruses, which might play a role as
enteric pathogens.
The genus Picobirnavirus is the sole genus of the family
Picobirnaviridae. Members of this genus are small, non-
enveloped, icosahedral viruses with a bisegmented double-
stranded (ds) RNA genome of around 4 kb. Segment 1
(&2.2-2.7 kb) of picobirnaviruses (PBVs) contains a
capsid gene and ORF1, whereas segment 2 (&1.2-1.9 kb)
encodes the RNA-dependent RNA-polymerase (RdRp) [1].
In 1988, PBVs were discovered in humans during an
acute gastroenteritis outbreak in Brazil [2]. Since then,
PBVs have been associated with acute watery diarrhea and
gastroenteritis in humans and in several animal species
worldwide, both as a single diarrheic agent and in combi-
nation with other well-established enteric pathogens [1, 3].
The detection of PBVs in a wide range of diarrheic and
healthy farm animals, pets and zoo animals, as well as in
several species of wild mammals and birds has increased
concerns over the public-health aspects related to inter-
species transmission of PBVs [3]. Virus reassortment has
been identified as an important mechanism for the emer-
gence of novel human pathogens. This event can occur
when two segmented viruses co-infect the same cell,
potentially resulting in viral progeny with gene segments
derived from both parental strains. Importantly, for several
viruses with segmented genomes, such as influenza viruses
or rotaviruses, reassortment has led to major changes in the
viral genome [4, 5]. In sharp contrast, reassortment has thus
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that the segmented nature of the PBV genome renders it as
a potential candidate for reassortment between co-circu-
lating strains, with the emergence of progeny with altered
virulence, resulting in complex and phenotypically diverse
populations of viruses [6]. Thus, monitoring PBVs in ani-
mals can identify potential human and veterinary patho-
gens. Wildlife constitutes a large and often unknown
reservoir for infectious diseases. In Portugal, wolves (Canis
lupus) are endangered, and conservation efforts are par-
ticularly focused on reducing conflicts with humans due to
livestock damage and monitoring demographic, genetic
and sanitary traits, such as emerging diseases [7]. In this
study, stool samples from diarrheic scats attributed to free-
roaming wolves in Portugal were screened using viral
metagenomics, which led to the identification of two dis-
tinct lupine PBVs.
Eight diarrheic fecal samples collected within a wolf
range in May 2011 in Serra de Leomil (district of Viseu,
Portugal) were combined into pools of four samples each.
These two pools were subjected to DNA extraction,
amplification of a mitochondrial DNA fragment, and
sequencing for species identification as described previ-
ously [8]. Seven of the eight samples were genetically
confirmed to originate from a wolf; the remaining sample
was from a domestic dog. Samples were then prepared as
follows [9]: ten percent fecal suspensions were homoge-
nized for 1 min at 3000 rpm using a MINILYS homoge-
nizer (Bertin Technologies) and centrifuged for 3 min at
17,000 g, and the supernatant was filtered through a 0.8-
lm membrane filter (Sartorious). The filtrate was then
treated with a cocktail of Benzonase (Novagen) and
micrococcal nuclease (New England Biolabs) at 37 C for
2 h in a homemade buffer (1 M Tris, 100 mM CaCl2 and
30 mM MgCl2, pH 8) to digest free-floating nucleic acids.
RNA and DNA were extracted using a QIAamp Viral
RNA Mini Kit (QIAGEN) according to the manufac-
turer’s instructions but without addition of carrier RNA to
the lysis buffer. First-and second-strand synthesis and
random PCR amplification for 17 cycles were performed
using a slightly modified Whole Transcriptome Amplifi-
cation (WTA2) Kit procedure (Sigma-Aldrich), with a
denaturation temperature of 95 C instead of 72 C to
allow for the denaturation of dsDNA and dsRNA. WTA2
products were purified using MSB Spin PCRapace spin
columns (Stratec) and were prepared for Illumina
sequencing using a modified version of the Nextera XT
library preparation kit (Illumina). Libraries were quanti-
fied using a the KAPA Library Quantification Kit (Kapa
Biosystems), and sequencing of the samples was per-
formed on the HiSeq 2500TM platform (Illumina) for 300
cycles (150 bp paired ends).
For both pools, approximately 5 million NGS clusters
were generated and a two complete novel picobirnavirus
genomes (two segment 1 and two segment 2) could be
retrieved, one in each pool. Primers were designed for the
identical capsid gene found in both pools, and PCR was
performed on each of the original stool samples in the two
pools. A single positive sample was retrieved from each
pool and the wolf origin of the sample was confirmed.
Sanger sequencing was performed to confirm the capsid
sequences. PBV sequences were deposited in the GenBank
database with the accession numbers KT934307-
KT934310.
Segment 1 (ORF1 and capsid) was obtained for both
Picobirnavirus/wolf/PRT/189/2015 (2,583 nt) and Picobir-
navirus/wolf/PRT/891/2015 (2,583 nt), which showed
99.7 % identity at the nt level and 100 % identity at the
amino acid level. The capsid segments of the lupine PBVs
were distantly related to other PBVs but showed highest
similarity to porcine PBV (37.8 % aa sequence identity). In
contrast, segment 2 (RdRp) of Picobirnavirus/wolf/PRT/
416/2015 (1,667 nt) and Picobirnavirus/wolf/PRT/1109/
2015 (1,704 nt) shared 73.5 % identity at the amino acid
(aa) level. The RdRp segments of both lupine PBVs were
most closely related to strain c5128 (71.2 %-72.8 % aa
sequence identity), which was found in dromedary feces in
2014 (Fig. 1). Even though both RdRp segments showed
low similarity, the three RdRp motifs were identical in
both: domains IV (DFSKFD), V (SGSGGT) and VI
(GDD). Taking into account the nearly identical segment 1
found in both wolf samples, together with the large genetic
diversity of segment 2, this strongly suggests a rather
recent occurrence of viral reassortment in PBVs, as no
other PBV-like sequence reads were identified. In addition,
this is the first report of PBV in wolves, widening the host
range and further confirming the high diversity among
PBVs. Even though these wolf samples showed signs of
diarrhea, the enteropathogenic role of PBV in these animals
needs to be further elucidated, as PBVs can either behave
as primary diarrheal agents or cause asymptomatic infec-
tions. For example, in one of the pools, canine distemper
virus was also identified, which has previously been asso-
ciated with diarrhea [10]. However, in the other fecal pool,
picobirnavirus is likely to be the causative agent for diar-
rhea, raising awareness and further reconfirming that wild
animals are a potential reservoir for emerging diseases.
The results of this study show for the first time that
PBVs infect wolves and that it is likely that reassortment
events occur in PBVs. This evidence does not come as a
surprise, since PBVs are segmented viruses, and wolves
are social wild carnivores that live in packs and thus share
the same environment and food [11]. The fact that two
identical capsid segments were found together with two
very divergent RdRp segments suggests that this is most
likely the result of a reassortment event rather than
genetic drift due to naturally occurring mutations. No data
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have yet been presented showing genomic reassortment of
PBVs; however, this event is likely to occur frequently,
explaining the high genetic diversity of PBVs. We can
also speculate that animal and human PBV strains can
reassort, creating chimeric viruses bearing segments of
both parental viruses, as has been observed for rotavirus
and influenza virus. Moreover, there is still a lack of
complete genome sequences of picobirnaviruses; there-
fore, additional research efforts are needed to better
understand the origin, adaptation, evolution and zoonotic
potential of PBV strains. This is strongly hampered by
their inability to grow in cell culture and the lack of
animal models. Furthermore, PBVs are not regarded as
important pathogens in canids and are not usually inclu-
ded in diagnostic panels for canine infectious diseases, but
our findings suggest that PBVs might play a role as enteric
pathogens of wolves.
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Fig. 1 (A) Maximum-likelihood phylogenetic tree of the capsid gene
of picobirnaviruses using the rtREV?G?F model of substitution.
(B) Maximum-likelihood phylogenetic tree of picobirnavirus segment
2 (RdRp) using the LG?G model of substitution. Bootstrap values
greater than or equal to 70 are shown. Maximum-likelihood
phylogenetic trees with 500 replicates were built using the software
MEGA 6.0 [12]
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